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Abstract 
 Natural Convection is a major factor that affects phase transition processes of solid-liquid phase change materials 
(PCMs). To optimize PCM-based latent thermal energy storage systems (TESS), a better understanding of the heat 
transfer during these transitions is critical. This paper presents an experimental approach used to quantify heat 
transfer rate increase by natural convection of PCMs undergoing phase transitions. For this a heat transfer 
enhancement factor and an effective heat transfer coefficient were developed. Mean heat transfer enhancement 
factors of 1.11 and 1.30 were observed and attributed to natural convection during phase transition for vertical and 
horizontal heat transfer directions, respectively. Natural convection reduced the time required for absorbing the latent 
heat during melting processes by a mean value of approximately 47%. 
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1 Introduction 
Thermal energy storage systems (TESS) are used for regulating the time-of-use mismatch between 
energy generation and consumption [1]. Among TESS, which include sensible energy storage [2], latent 
energy storage [3], and chemical energy storage [4], latent energy storage systems that use phase change 
materials (PCMs) are particularly attractive because PCMs provide a high energy storage density and 
approximate isothermal phase transitions. Energy is stored in phase changing substances when these melt. 
This energy is recovered following solidification. Because natural convection in molten PCMs enhances 
the heat transfer within these systems, a better understanding of the substances used as PCMs as well as 
the physical phenomena that take place during phase transition is needed. These include, but are not 
limited to, PCM thermal characteristics and heat transfer process interactions during phase transitions [5]. 
 
* Corresponding author. Tel.: +1 785 864 3604. Fax: +1 785 864 5631. E-mail address: mmedina@ku.edu (Mario A. Medina) 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of ICAE2014
 Xiaoqin Sun et al. /  Energy Procedia  61 ( 2014 )  2062 – 2065 2063
Baran et al. [6] concluded that melting and solidification of PCMs were highly influenced by natural 
convection (in the case of melting) and by conduction (in the case of solidification). Longeon et al. [7] 
concluded that natural convection enhanced the melting processes of PCMs, while Duan et al. [8] found 
that buoyancy effects within molten PCMs increased the heat transfer rate to and from the PCMs.  
In summary, there is a close relationship between natural convection in molten PCMs and the 
enhancement of heat transfer to and from the PCM during phase transition, especially during the melting 
process. This paper presents an experimental approach used to quantify this enhancement via the 
development of a heat transfer enhancement factor and an effective heat transfer coefficient. 
2 Experiment apparatus  
The PCM used for these tests was an octadecane paraffin. Its thermal properties are provided in Table 
1.  
Table 1 PCM thermal property data [9] 
Type 
Approximate melting 
point [°C] 
Approximate solidification 
point [°C] 
Latent heat of 
fusion [kJ/kg] 
Density [kg/m3] Conductivity 
[W/(m°C)] solid liquid 
Paraffin 28 26 147 870 750 0.2 
An environmental simulator (Fig. 1a) was fabricated to provide various ambient air temperatures. The 
simulator was located in an air-conditioned laboratory where the air temperature was kept at 
approximately 22~24oC. The PCM was placed inside a cubic aluminum container with dimensions of 20 
cm on each side. To restrict the heat flow to and from the container, this was heavily insulated with foam 
with a thermal resistance of 8.63 m2oC/W. To monitor the ambient air temperatures outside the aluminum 
container, several thermocouples (T/Cs) were installed in various locations within the simulator. To 
measure the temperature distribution within the PCM, twenty Type T T/Cs were placed inside the 
container using a structural frame. These T/Cs were arranged in seven layers, from top to bottom (Figs. 
1b~1d). Each outer surface temperature of the container as well as each surface temperature of the 
insulation was measured using four and two T/Cs, respectively. Six heat flux meters (HFMs) were 
attached to the insulation outer surfaces.  
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Fig.1 Environmental simulator and the positions of T/Cs and HFMs  
3 Results and discussion 
Twelve experiments were performed at a fixed ambient air temperature which varied between 5 oC and 
65 oC. It was pre-established that when all PCM temperatures had surpassed the PCM's melting point, the 
melting process was complete. After the melting process was completed, the solidification period was 
initiated. An adjusted Biot number, Bi′, was defined as the ratio of the internal thermal resistance of the 
PCM to its external thermal resistance. In equation form  
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The external thermal resistance represented the ambient air thermal resistance (m2K)/W. Rayleigh 
number, Ra, was used to study the effects of natural convection in the liquid PCM. In equation form 
a
lTTgRa PCMairQ
E 3)(                                                                                                                                 (2) 
where g was the gravitational acceleration, m/s2; β was the coefficient of volume expansion, 1/ oC; TPCM 
was the mean PCM temperature, oC; l was the characteristic length of the PCM container, m; ν was the 
PCM kinematic viscosity, m2/s, and D was the PCM thermal diffusivity, m2/s. All the PCM 
thermophysical parameters were from Refs. 9 and 10.  
Fig.2 shows the Bi′ as a function of Ra. Because Bi′ was less than 1, it was inferred that the external 
thermal resistance dominated during the heat transfer process. The heat transfer enhancement caused by 
natural convection was evaluated by means of a heat transfer enhancement factor, f. This factor was 
defined as the ratio of the heat transfer coefficient with natural convection to that without natural 
convection under the same conditions. In equation form 
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nc
R
Rf   II                                                                                                                                         (3) 
where I was the heat transfer coefficient in W/(m2oC) and R was the thermal resistance in (m2oC)/W. The 
parameter with the subscript “nc” included the effects of natural convection. For energy storage processes, 
it was found that Bi′ decreased with increasing Ra. This was caused by buoyancy forces that developed 
during the phase transition, which indicated that phase transition from solid to liquid promoted natural 
convection. During the melting processes, thermal resistances were smaller when the heat transfer was in 
the horizontal direction than in the case when the heat transfer was in the vertical direction. This indicated 
that natural convection was more influential in promoting the heat transfer in the horizontal direction [11]. 
During the solidification processes, it was found that natural convection did not play a significant role. In 
this case, the observed decrease in Bi′ was caused by an increase in the thermal conductivity of the PCM. 
The mean values of the enhancement factor in the vertical and horizontal heat transfer directions were 
1.11 and 1.30, respectively.  
Fig. 3 shows the heat fluxes during phase transition. In all cases the heat flux increased with increasing 
Ra. This was caused by either the increase of buoyancy forces or the decrease of the thermal resistance 
within the PCM. The highest value of heat flux appeared in the heat storage process in the horizontal heat 
transfer direction, followed by the heat storage process in the vertical heat transfer direction. The heat 
fluxes were calculated by 
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The PCM thermal conductivity was given by λcond. When Nu = 1, Inc = I, which meant that heat 
conduction dominated the heat transfer. Fig. 4 shows the phase transition times for melting and 
solidification for the vertical and horizontal heat transfer directions. It was observed that the time required 
for complete melting was shorter than for complete solidification. For example, for the vertical heat 
transfer under the same conditions (A and B), the time required for absorbing latent heat was 34.1 hr, 
while the time required for releasing the heat was 62.1 hr. The reason for this was the increase of natural 
convection. The same was true for horizontal heat transfer under the same conditions (C and D). Curve D 
represented the horizontal heat transfer during melting for a temperature range of 26 ~ 28 oC, which was 
the same temperature range for solidification. The solid line represented the same melting process, but for 
a wider melting range of 24 ~ 32 oC, which was the actual measured range. From the data at points C and 
D, the phase transition time was reduced by 43% from 22.8 hr, which also indicated the presence of 
natural convection. 
For solidification process 
For melting process 
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Fig.2 Bi′ vs. Rayleigh number            Fig.3 Heat flux vs. Rayleigh number      Fig.4 Phase transition time vs. Ra 
4 Conclusions 
 This paper presented an experimental approach used to quantify heat transfer rate increase by natural 
convection of PCMs undergoing phase transitions. A heat transfer enhancement factor and an effective 
heat transfer coefficient were developed.  Mean heat transfer enhancement factors of 1.11 and 1.30 were 
observed and attributed to natural convection during phase transitions for vertical and horizontal heat 
transfer directions, respectively. In addition, natural convection reduced the time required for absorbing 
the latent heat during the melting process for both vertical and horizontal heat transfer processes by a 
mean value of approximately 47%.  
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